INTRODUCTION
Diabetic retinopathy is the number one cause of irreversible vision loss in working age adults in the developed world (1) . Over time, almost all diabetic individuals will go on to develop diabetic retinopathy (2) . By 2020, the prevalence of diabetic retinopathy is expected to almost double to 7.2 million within the USA alone (3) . In raw numbers, it is currently estimated that over 300 000 people in the USA have vision-threatening complications from severe diabetic retinopathy (4) . As the leading cause of irreversible vision loss in the working age population of the USA, diabetic retinopathy has an enormous impact from an economic perspective due to both healthcare and labor costs (5) .
Most of the visual morbidity and attendant health care expense due to diabetic retinopathy can be attributed to its two severe manifestations: diabetic macular edema (DME) and proliferative diabetic retinopathy (PDR). The hallmark clinical manifestation of DME is a thickening of the central retina produced by extravascular transudation through breakdown of the blood retinal barrier. Focal laser photocoagulation treatment in DME generally is not able to improve vision but only decreases the rate of vision loss (6, 7) . PDR is heralded by the presence of secondary pathologic retinal angiogenesis induced by retinal hypoxia. PDR is treated by pan-retinal photocoagulation (PRP) that results in a reduction of hypoxic retinal tissue. While efficacious in preventing severe vision loss in PDR, PRP has a number of serious side effects (6, 8) . Thus, molecular approaches, by elucidating the underlying genetic determinants of diabetic retinopathy, should suggest more elegantly targeted forms of intervention and provide one of the fundamental keys for its secondary prevention.
Epidemiologic studies suggest that the severity of diabetic retinopathy closely correlates with the glycemic level and diabetes duration (9, 10) . There is mounting evidence indicating a large genetic contribution to diabetic retinopathy severity as well. For example, in a familial aggregation study of Mexican-Americans with type 2 diabetes, Hallman et al. (11) found that severe retinopathy in the proband was significantly associated with severe retinopathy in the siblings. A correlation also exists between the severity of retinopathy among affected family members and an increased risk of sight-threatening complications in relatives of affected subjects with an odds ratio close to 3 (12) . Heritability estimates for the severe manifestations of diabetic retinopathy range from 25 to 50% or more (13, 14) . When a cohort of identical twins with diabetes was examined, 35 of 37 were found to have the same degree of retinopathy (15) . Hence, these findings suggest that genetic variation significantly contributes to the severity of diabetic retinopathy.
For the study of diabetic retinopathy in both type 1 and type 2 diabetes, candidate gene studies were initially performed to evaluate molecules in the major mechanistic pathways thought to be important in the development of microvascular complications associated with diabetes. To date, candidate gene studies of these pathways have been inconclusive in linking them to the severity of diabetic retinopathy (16) with the exception of aldose reductase (17) and vascular endothelial growth factor (18) .
Strong evidence exists that there is a significant genetic component to diabetic retinopathy severity; yet to date, few genes or pathways have reliably been associated with the development of this disorder. We employed a genome-wide association (GWA) approach to agnostically implicate those critical genes and biological pathways dysregulated in this condition. Analysis was performed in all subjects regardless of NEPHROPATHY status. Herein, we report a GWA meta-analysis for severe diabetic retinopathy in two large independent cohorts of type 1 diabetic subjects, presenting results for both the single nucleotide polymorphism (SNP) and copy number variation (CNV) association.
RESULTS
Between the two cohorts, we had access to genotypic and phenotypic information for 2829 Caucasian subjects with type 1 diabetes (Table 1) . Individuals were stratified according to the presence of severe diabetic retinopathy. Subjects were examined for population substructure and no evidence of admixture was observed (19) . Table 1 presents data on Caucasian type 1 diabetic patients. Severe retinopathy is defined by the presence of focal laser treatment for DME or panretinal photocoagulation for PDR (20) . All individuals with nephropathy were defined by the presence of persistent proteinuria or documented end-stage renal disease (ESRD). ESRD was defined by a history of kidney transplantation and/or the use of dialysis. Cases for each cohort were defined as those individuals with severe retinopathy. Controls were all other probands from the cohort for whom phenotypic and genotypic data were obtained. Epidemiology of Diabetes Intervention and Control Trial (EDIC) subjects received gold standard retinal phenotyping of Early Treatment Diabetes Retinopathy Study (ETDRS) photos along with substantial longitudinal follow-up.
We analyzed the data set for correlations between Genetics of Kidney in Diabetes (GoKinD) study variables and the presence of severe retinopathy ( Table 2) . As anticipated, duration of diabetes had a significant effect on the risk for severe retinopathy (P ¼ 2.2 × 10 216 ). The subjects with severe retinopathy have a longer duration of diabetes (mean duration 30.7 versus 23.5 years). The distributions of HbA1c (glycated hemoglobin %) (cases: 7.510 + 1.826; controls: 7.485 + 1.282) also differ between subjects with and without severe retinopathy. Note that the difference is not in the mean (P ¼ 0.88 for a two-tailed t-test) but in the variance (P , 10 210 for an F-test). The GWA revealed three loci at a P-value , 10 26 ( Fig. 1 and Table 3 ). Top signals in this study were at the level of 10 27 falling below the conventional genomic threshold of 5 × 10
28 . The most significant SNP associated with severe diabetic retinopathy in the meta-analysis is rs476141 (P-value of 1.2 × 10
27
) at 242 Mb on chromosome 1 (Fig. 2) . Sub-analysis was performed by removing the 828 total study subjects with nephropathy between cases and controls in order to enrich for a retinopathy-specific signal and control for the potential confounding effect of nephropathy ( Table 4 ). The analysis included 281 severe retinopathy-only subjects and 1715 controls. It was compared with the main analysis in which the nephropathy subjects were included. The comparison was conducted in these groups in order to assess for genetic heterogeneity and pleiotropy. No overlap of signals was seen among the top SNPs (P , 10 × 10
25
).
Of the top signals (P-value , 10 × 10
), no SNPs became Severe retinopathy cases were identified on the basis of prior laser photocoagulation for either DME or PDR. All individuals with documented nephropathy had persistent proteinuria or ESRD. ESRD status was unknown in five severe retinopathy cases from EDIC. Controls are all remaining subjects in the cohort. Controls in parentheses are the number of control subjects used in the sub-analysis that excluded individuals with nephropathy.
smaller or achieved genome-wide significance with the exclusion of the subjects with nephropathy (Supplementary Material, Table S2 ). Likewise, of the top signals (P-value , 10 × 10
) from the sub-analysis, no SNPs became smaller or achieved genome-wide significance by including the nephropathy subjects (Supplementary Material, Table S3 ). The most significant SNP associated with severe diabetic retinopathy in the subanalysis is rs227455 (P-value of 1.6 × 10
27
) at 165 Mb on chromosome 6. This SNP is in an intergenic region more than 200 kb from two undesignated genes, LOC728275 and LOC728316. The CNV analysis in the 281 severe retinopathy cases without nephropathy cases yielded an association at rs10521145 ( 
DISCUSSION
The most significant association for severe diabetic retinopathy generated by the meta-analysis is the intergenic SNP rs476141 (P-value of 1.2 × 10 27 ). It is in a region between two genes, AKT3 and ZNF238 (Fig. 2 ). AKT3 is a particularly intriguing candidate gene. It is a serine/threonine kinase regulating cell survival, insulin signaling and angiogenesis. In particular, AKT3 has been shown to be activated by both platelet-derived growth factor and insulin-like growth factor 1 both of which have been implicated in proliferative retinopathy (21) .
In the sub-analysis of the 281 severe diabetic retinopathy subjects without nephropathy, an association was identified with an intergenic SNP, rs227455 (P-value of 1.6 × 10 27 ) on chromosome 6. To date, 43% of all trait-associated SNPs from GWA studies are found in intergenic regions (22) . Intergenic DNA often harbors transcriptional regulatory sites that include enhancers, repressors and miRNA. rs227455 has been associated with expression levels of other genes (eQTL) (23) . Variation at this SNP is associated with expression of several genes in lymphoblastoid cell lines that include: BRCC3, P ¼ 3 × 10 Manhattan plot summarizing results of the genome-wide association meta-analysis. Each dot represents a SNP, plotted by its chromosomal location (x-axis) and its associated P-value (y-axis). Hence, each point signifies an examined SNP's genomic location in the imputed data set plotted in relation to its P-value. Age and duration presented in years. Gender expressed as percentage of female subjects. HbA1c is expressed as a percentage of glycated hemoglobin. All individuals with documented nephropathy were defined by persistent proteinuria or ESRD.
A recent study genotyped 3432 polymorphic CNVs to construct a database of tag SNPs for many of the known structural variants in the human genome (25) . The information in the database allows the direct interrogation of CNVs using observed and imputed SNP genotypes (26) . The CNV analysis in the retinopathy-only sub-analysis yielded an association at CNVR6685.1. An increased allele frequency of 1.5-fold for CNVR6685.1 is present in the severe retinopathy cases (SNP allele frequency: cases ¼ 0.22 versus controls ¼ 0.15). Two sulfotransferase genes, SULT1A1 and SULT1A2, that function in post-translational modifications of proteins lie inside the region. Also, there is an eQTL inside the copy number variant region (CNVR) that affects expression of CFL2 (P ¼ 2 × 10 25 ) and PRSS33 (P ¼ 8 × 10
25
). The genes CCDC101 and NUPR1 are upstream and in LD with the region. In fact, rs10521145 which tags CNVR6685.1 lies within an intron of CCDC101, while rs151227 another tag SNP is found in an intron of NUPR1. Many other SNPs (P-value 10 26 ) from the meta-analysis (Fig. 3 ) are found in this interval. CCDC101 is involved in transcriptional regulation through histone acetyltransferase activity. NUPR1 has pleiotropic functions that relate to cellular stress response, including apoptosis, cell cycle progression and chromatin accessibility (27) . A proximal gene to this locus is IL-27 ( Table 2 ) that has been implicated in both type 1 diabetes as well as inflammatory bowel disease (28, 29) . No association was found between SNPs implicated in these conditions and severe retinopathy in this study (rs4788084, P ¼ 0.04359; rs1968752, P ¼ 0.10957; rs8049439, P ¼ 0.10955). Moreover, while these three SNPs are all in high LD with each other (r 2 . 0.69), none is in LD with rs10521145 (r 2 , 0.08). A major advantage of the study design is the comparability between cases and controls between the cohorts. A study composed of subjects all of the same ethnicity and diabetes type should help minimize heterogeneity, exposure to environmental differences and population substructure. In addition, by controlling for nephropathy in both cohorts, the ability to detect a retinopathy-specific genetic signal was increased and the potential confounding role of nephropathy was minimized. The presence of a second cohort allows the generation of a more accurate determination of the true effect of the variation by addressing the issue of the 'winner's curse' (30) . The second cohort also provides an extremely valuable resource from the standpoint of potentially refuting any positive associations identified in only one cohort. In this study, all of the top signals (meta-analysis P-value ,10 26 ) reported in Tables 2  and 3 demonstrate a level of reproducibility in both cohorts (P-value , 0.05) increasing support for the validity of the associations.
There are a number of limitations of this study. Effect size for most significant associations for GWA studies to date has been on the order of a genetic relative risk (GRR) of 1.2. Hence, successful GWA studies typically require cohort sizes of close to 10 000 subjects (31) . In comparison, this study had limited power to detect an allele whose GRR is ,1.5. A greater number of subjects may also be necessary to further refine the regions associated with diabetic retinopathy than are currently available from the GoKinD and EDIC samples. Moreover, the size of this cohort limits the extent to which we can evaluate genome-wide the relationship Top association signals from meta-analysis (P-value ,
10

26
) for severe retinopathy. Information for the SNP, genomic location, gene designation with most proximal upstream and downstream genes, associated meta P-values, Z-scores and odds ratios provided. Risk allele is given first with respective allele frequencies in each cohort. OR is odds ratio. Genomic location based on genome build 36. between genetic variation and environmental factors as well as epistasis. This study was conducted only in subjects with type 1 diabetes. Its relevance to type 2 diabetes is debatable, as the underlying genetic architecture for type 1 and type 2 diabetes differs substantially. It remains to be seen whether this will also be the case for diabetic retinopathy as well. Hence, more extensive future studies will require the ascertainment of additional diabetes cohorts for the replication and extension of these findings.
MATERIALS AND METHODS
We performed two independent GWA studies. The GoKinD data set has phenotypic information from 1900 individuals with type 1 diabetes, who self-reported laser treatment for severe retinopathy. The cohort from the EDIC has 1441 subjects classified according to ETDRS scores. Each study participant in GoKinD was genotyped using the Affymetrix SNP Array 5.0. In EDIC, the Illumina platform was used for which 550K SNPs were available. Quality control steps ensured sample integrity, identified highly related samples and excluded population stratification. Allelic association tests were performed. The top SNPs from the analysis were based on statistical, bioinformatic and biologic criteria.
Institutional Review Board (IRB) approval
The samples were obtained from all subjects through an approved Institutional Review Board (IRB) protocol at the consenting institution. The IRB at the University of Chicago has declared this research is not human subject research as all patient health information was de-identified prior to genotyping and analysis. As such, this study falls under the purview of non-human subjects research. Top association signals from meta-analysis excluding nephropathy subjects (P-value , 10 25 ). Information for the SNP, genomic location, gene designation with most proximal upstream and downstream genes, associated meta P-values, Z-scores and odds ratios provided. Risk allele is given first with respective allele frequencies in each cohort. OR is odds ratio. Genomic location based on genome build 36.
Data repository
The data sets used for the analyses described in this paper can be obtained from the database of Genotypes and Phenotypes (dbGaP) at http://www.ncbi.nlm.nih.gov/gap/.
Phenotypic characterization
We restricted the analysis to Caucasian type 1 diabetic subjects in both cohorts thereby controlling for ethnicity and type of diabetes.
Severe retinopathy cases were identified on the basis of prior laser photocoagulation for either DME or PDR. Details are given below for each cohort. Controls are all remaining subjects in the cohort.
All individuals with the presence of nephropathy were removed from the retinopathy-only sub-group analysis. In GoKinD, nephropathy was defined by persistent proteinuria or documented ESRD. Persistent proteinuria was defined as at least two out of three tests positive for albuminuria (at least 1 month apart), i.e. dipstick (Albustix or Multistix) at least 1+ or an albumin/creatinine ratio value exceeding 300 mg albumin/mg of urine creatinine. ESRD was defined by a history of kidney transplantation and/or the use of dialysis. All subjects with ESRD were removed from EDIC for the sub-group analysis. Subjects with nephropathy were removed to reduce possible confounding given the close correlation between nephropathy and retinopathy and to facilitate assessment for genetic heterogeneity and pleiotropy (32, 33) . 
GoKinD
All subjects were administered a detailed medical questionnaire that specifically inquired about a history of laser treatment for diabetic retinopathy. Patients reliably recall past laser treatment to their eyes (20) . Individuals with severe retinopathy, as defined by prior laser treatment for either clinically significant macular edema or threshold PDR, are typically evaluated by an ophthalmologist prior to laser treatment to determine whether treatment criteria are met. Such examinations are presumed to have occurred in the course of routine clinical care external to this study. In a previous study, we validated the correlation of patient self-report for prior laser treatment with 'severe' diabetic retinopathy as defined by the presence of either PDR or DME (20) . We found that 99% of the participants were accurate in reporting whether they had prior laser treatment for diabetic eye disease (sensitivity 96.0%, specificity 99.5%, positive predictive value 95.6%). Our findings suggest that patient self-reported laser treatment for diabetic eye disease is a valid approach to identifying individuals with the sight-threatening manifestations of diabetic retinopathy.
We analyzed the data set for correlations between these GoKinD study variables and the presence of severe retinopathy as defined by subject self-reported laser treatment for diabetic eye disease.
EDIC
Retinopathy was assessed by fundus photography according to the DCCT/EDIC protocols semi-annually during the DCCT and during EDIC on the 8th, 12th and 16th anniversary of DCCT randomization, and at EDIC years 4 and 10. All photographs were graded centrally according to the final Early Treatment Diabetic Retinopathy Study (ETDRS) grading scale (34) and DCCT methods (35) .
We analyzed the data set for correlations between these EDIC study variables and the presence of severe retinopathy as defined by photographic and clinical evidence of prior laser treatment for diabetic eye disease, including focal laser treatment and PRP.
Genotyping and quality control
Genotyping for all GoKinD subjects was conducted on the Affymetrix 5.0 platform. The platform has probe-sets for 500 568 SNPs and 420 000 additional non-polymorphic probes that can measure other variation such as CNV. The genotyping was done at the Broad Institute and the SNP genotypes were called in batches using Birdseed (36) . This calling algorithm was run plate by plate on the data originally released from NCBI through dbGaP. Extensive QC analyses were performed on the data downloaded from NCBI, including detecting relatedness, sample contamination, deviations from the self-reported ethnicity and SNP level test such as the test for Hardy -Weinberg equilibrium, and analysis of plate effects. All related individuals were removed from the analysis (pi-hat threshold , 0.1). The detailed description of the QC steps can be found in the previously published paper (19) and in Supplementary Material, Figure S1 . The QC process revealed a substantial plate effect caused by contaminated or degraded DNA samples that could be eliminated only by recalling the whole plate with contaminated/degraded samples (19) .
In the EDIC cohort, subjects were genotyped on the Illumina HumanHap550 composed of 550 000 SNPs. The data were released through dbGap (http://www.ncbi.nlm.nih.gov/ sites/entrez?db¼gap) and quality control analyses were performed in the same fashion as for the GoKinD cohort as described above.
Statistical analyses
Association testing for severe diabetic retinopathy was conducted by comparing allele frequency between cases and controls using Chi-square tests. In both GoKinD and EDIC cohorts, the allelic association tests were done in two groups: (i) including subjects with nephropathy and (ii) excluding subjects with nephropathy.
The conventionally accepted threshold of 5 × 10 28 was used as the correction for multiple testing to account for all common variants in the genome (37) .
To combine the results from the data on two different platforms, we performed a genome-wide imputation of Phase II HapMap SNPs using MACH (www.sph.umich.edu/csg/abeca sis/Mach/). All the imputed SNPs were initially used in the analysis. The analysis of the imputed genotypes was done with the association software MACH2DAT (www.sph.um ich.edu/csg/abecasis/Mach/). We have checked our top associations (P . 10 25 ) for the quality of imputation and kept only accurately imputed SNPs with allelic r 2 value .0.98. For each SNP, in each data set, a Z-statistic having a standard normal distribution under the null hypothesis of no association was calculated. The Z-statistics preserve the direction of the effect, and they were used in a linear combination to calculate a meta-analysis test statistic. A normal approximation was then used to calculate the meta-analysis P-values. All meta-analysis P-values demonstrating an association with P , 10 25 for severe retinopathy are reported in either Table 3 or Supplementary Material, Table S1 .
In an attempt to study CNVRs contributing to severe diabetic retinopathy, we compiled a list of CNVRs reported in the Wellcome Trust (WTCCC) (25) . In all the analyses reported by WTCCC, human genome build 36 was used. We selected the CNVR tagging SNPs (with LD threshold of r 2 ¼ 0.8) reported by WTCCC that have been interrogated in our study in both GoKinD and EDIC cohorts. We found 1364 SNPs included in our analyses that tag 1390 CNVs previously reported in the WTCCC study. 
